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An in situ X-ray diffraction investigation of goethite-seeded Al(OH)3
precipitation from synthetic Bayer liquor at 343 K has been performed. The
presence of iron oxides and oxyhydroxides in the Bayer process has implications
for alumina reversion, which causes significant process losses through unwanted
gibbsite precipitation, and is also relevant for the nucleation and growth of scale
on mild steel process equipment. The gibbsite, bayerite and nordstrandite
polymorphs of Al(OH)3 precipitated from the liquor; gibbsite appeared to
precipitate first, with subsequent formation of bayerite and nordstrandite. A
Rietveld-based approach to quantitative phase analysis was implemented for
the determination of absolute phase abundances as a function of time, from
which kinetic information for the formation of the Al(OH)3 phases was
determined.
1. Introduction
The Bayer process is used to extract alumina (Al2O3) from
bauxite ore. The bauxite, typically a mixture of gibbsite,
Al(OH)3, boehmite, AlOOH, quartz, SiO2, kaolinite,
Al2Si2O5(OH)4, hematite, Fe2O3, and goethite, -FeOOH, is
digested in concentrated sodium hydroxide solution at 423–
523 K (Hind et al., 1999; Loh et al., 2000; Murray et al., 2009).
Most of the aluminium is dissolved, resulting in ‘pregnant’
sodium aluminate liquor, with the insoluble species forming a
‘red mud’ residue which is removed in the clarification stage of
the process. The liquor is then cooled, which causes gibbsite to
precipitate. The gibbsite is filtered, washed and calcined to
produce alumina and the resulting ‘spent’ liquor is then
recycled (Hind et al., 1999).
The presence of iron oxides and oxyhydroxides such as
hematite and goethite in the red mud has implications for
‘alumina reversion’. They can act as seeds for gibbsite preci-
pitation during clarification, which results in significant
alumina losses (Kiriazis, 2005; Powell et al., 2009). Goethite, in
particular, is known for its ability to seed gibbsite precipitation
(Harato et al., 1982). Powell et al. (2009) suggest that this is the
case for synthetic goethite and also the aluminogoethite within
bauxite, where the concentration of Al3+ substituted for Fe3+
in the crystal lattice can be as high as 12 mol% (Basu, 1983).
The role of iron oxide and oxyhydroxide corrosion products is
also relevant for scale formation (the nucleation and growth of
insoluble species on the walls of the mild steel process
equipment). Scale build-up impedes the material flow through,
and heat transfer to, the process streams and severely
compromises the efficiency of the process (Roach & Cornell,
1996). In the precipitation stage operating at 333–353 K,
gibbsite scale predominates (Nawrath et al., 2006). Scale
formation mechanisms are poorly understood; however, the
nature of any iron oxide/oxyhydroxide layer on the mild steel
in contact with the caustic Bayer liquor is thought to play an
important role (Giddey et al., 2001; Gavril et al., 2003; Breault,
2004). The layer is believed to be magnetite (Fe3O4) (Loan et
al., 2008); however, hematite, goethite and lepidocrocite
(-FeOOH) are all possible mild steel corrosion products
(Waanders et al., 2002) and might also be present under real
industrial conditions. Key information to be obtained includes
the mineralogy of scale itself in the early stages of formation,
which makes X-ray diffraction (XRD) an important analytical
technique. Whilst the main goal of investigations into scale
formation is to determine nucleation and growth mechanisms
on surfaces, which may ultimately lead to the development of
strategies for scale prevention, bulk precipitation experiments
can also provide valuable insight into scale formation
mechanisms (Zheng et al., 1997; Armstrong & Dann, 2000)
and are complimentary to surface-based studies. An in situ
XRD approach is favourable over an ex situ one since it allows
for reactions to be followed in real time, avoiding artifacts that
can occur when a sample is extracted from its environment for
analysis. The purpose of the work described herein was to
characterize the mechanism and kinetics of goethite-seeded
Al(OH)3 precipitation from synthetic pregnant Bayer liquor
at 343 K using in situ XRD, by identifying the phases present
during precipitation and determining the variation of their
concentrations as a function of time by quantitative phase
analysis (QPA).
The extraction of kinetic information from in situXRD data
collected during reactions under Bayer process conditions has
typically been through implementation of ‘single-peak’
methods, where relative changes in the intensity of a single
reflection, for example the (002) gibbsite reflection, are
monitored over a period of time (Loh et al., 2000; Fogg et al.,
2000; Murray et al., 2009). Whole pattern Rietveld-based
methods for QPA typically produce more accurate and precise
results than single-peak methods (Madsen & Scarlett, 2008).
They allow for the simultaneous QPA of multiple phases,
regardless of the degree of reflection overlap, and for the
extraction of additional information such as unit-cell para-
meter variation. In this investigation, a Rietveld-based QPA
methodology for extraction of seeded Al(OH)3 precipitation
kinetics from in situ XRD data was implemented, where the
addition of a known amount of seed material was used as an
external standard to put concentrations of precipitated phases
onto an absolute scale.
2. Experimental
2.1. Liquor preparation
Synthetic pregnant Bayer liquor was prepared by dissolving
gibbsite starting material (Alcan OP25 Super White) in
concentrated NaOH solution (made from 98% purity pellets,
Sigma–Aldrich) at elevated temperature. The clear and
boiling solution was then vacuum-filtered and diluted to
produce 250 ml of liquor with an NaOH concentration of
4.2 mol l1 and an A/C ratio of 0.70. A is the total amount of
aluminium in the liquor, expressed as g l1 Al2O3, and C is the
caustic concentration [combination of Al(OH)4
 and free
OH], expressed as equivalent g l1 Na2CO3 (Whittington et
al., 1998). The supersaturation of Al(OH)3 in the liquor was
2.26 (Rosenberg & Healy, 1996).
2.2. Goethite seed material
Goethite seed was obtained as ‘Bayferrox Yellow 920’
(LANXESS), with an average particle size of 0.1  0.6 mm
(from manufacturer’s specifications, and verified by electron
microscopy) and a BET surface area of 13 m2 g1, measured
using a Micromeritics Tristar 3000. The goethite contained
0.8 mol% Al3+, determined by X-ray fluorescence (XRF)
analysis performed using a Phillips PW2404 X-ray spectro-
meter. Preliminary laboratory powder XRD data were
collected on the as-received goethite in order to assess
whether any crystalline impurity phases were present. Data
were collected using a Phillips X’Pert diffractometer fitted
with a Co long-fine-focus tube operated at 40 kV and 40 mA,
and a curved graphite post-diffraction monochromator. The
beam path was defined using 1 divergence, 0.3 mm receiving
and 1 scatter slits. Data were collected over the range 5 2
140 in steps of 0.02 2, and contained the typical goethite
reflections only.
The amorphous and/or unidentified crystalline phase
content of the goethite was determined by Rietveld-based
QPA using TOPAS (Version 4.2; Bruker, 2009). The addition
of an internal standard to a material allows for the calculation
of absolute rather than relative phase abundances and,
therefore, the determination of the amount of amorphous and/
or unidentified material (Madsen & Scarlett, 2008). A mixture
of goethite seed and very high purity corundum (-Al2O3;
Baikalox Alumina Polishing Powder) was prepared in tripli-
cate and the proportions of seed (60 wt%) and standard
(40 wt%) were verified by XRF. For Co K radiation the mass
absorption coefficients of -Al2O3 (48.8 cm
2 g1) and goethite
(42.2 cm2 g1) (Scarlett et al., 2002) are similar so the effect of
microabsorption on the results of the QPA should be minimal.
The amount of amorphous/unidentified material in the
goethite seed was less than 0.3 wt%, which was the experi-
mental uncertainty (two standard deviations of the repeat
measurements) in the QPA of the goethite/alumina mixtures.
2.3. In situ XRD
Goethite seed material and Bayer liquor were weighed into
a 2 ml capped plastic vial and mixed by vibration. The seed
loading was 14.13 wt%, and the total amount of Al(OH)3
available for precipitation from the Bayer liquor was
16.06 wt%. The resulting slurry was transferred to a 1 mm
outer diameter quartz-glass capillary (Charles Supper
Company, 0.02 mm wall thickness) using a syringe. The open
end of the capillary was fitted with a graphite ferrule (Supelco,
Supeltex M-2A) for attachment to a Swagelok pressure fitting
similar to that described by Norby (1996).
The capillary reaction vessel was positioned in a goniometer
head and attached to the powder diffractometer at the
Australian Synchrotron (Wallwork et al., 2007), which is
equipped with a Mythen microstrip detector (Schmitt et al.,
2003) spanning 80 2. Static pressure of 276 kPa was applied
to the vessel via a 1.6 mm outer diameter Teflon tube
connected to an N2 gas bottle, in order to prevent evaporation
of liquor during the experiment. The goniometer head and
capillary were oscillated about the capillary axis in order to
ensure uniformity of heating and accurate observed relative
peak intensities through improved particle statistics. The
presence of the Teflon tube meant that the capillary was only
oscillated through 270 to avoid tangling of the tube. The
slurry was heated at 100 K min1 to 343 K using a hot air
blower, which was controlled using a K-type thermocouple
positioned underneath the capillary and a Eurotherm model
2408 temperature controller. The experimental setup is shown
in Fig. 1. In situ XRD data were collected over the range 3 
2  83.5 continuously for 192 min, with individual data sets
collected for 2 min. The X-ray wavelength was 0.827 A˚
(15 keV) in order to achieve good penetration of the incident
beam into the sample and diffracted intensity through the
capillary. The beam size was 1 mm (vertical)  3 mm (hori-
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zontal). The temperature was controlled to 1 K about the
setpoint during data collection.
Laboratory in situ experiments were also performed in
order to develop the synchrotron experimental methodology
and to compare with the synchrotron data. An Inel diffract-
ometer was used, which incorporates a CPS120 position-
sensitive detector allowing for simultaneous collection of 120
2 (Madsen et al., 2005). A goethite-seeded experiment was
performed, as well as an unseeded experiment, both at 343 K.
The Co tube was operated at 40 kV and 35 mA, with indivi-
dual data sets collected for 5 min.
2.4. QPA of in situ data
Rietveld-based QPA was performed using TOPAS. The
crystal structure data of Hazemann et al. (1991), Saalfeld &
Wedde (1974), Balan et al. (2008) and Bosmans (1970) were
used for goethite, gibbsite, bayerite and nordstrandite,
respectively. The instrument contribution to peak width and
shape was determined from refinement of room-temperature
data collected on an -Al2O3 standard (NIST SRM 670a) in a
1 mm quartz-glass capillary. The amorphous contribution from
the Bayer liquor and capillary were modelled using two
pseudo-Voigt peaks and a Chebychev polynomial background
function. Anisotropic size broadening corrections were
incorporated into the refinements in order to obtain satisfac-
tory fits to the goethite and gibbsite reflections.
The use of the Hill & Howard (1987) algorithm for analysis
of the in situ data was inappropriate for determining absolute
phase abundances because of the significant amorphous Bayer
liquor content of the system. The addition of a nonreactive
internal standard material such as diamond was undesirable
since this could also seed Al(OH)3 precipitation. The addition
of a known amount of crystalline seed (i.e. the total mass of
goethite added minus the amount of amorphous/unidentified
material) could be used as an internal standard if it is assumed
not to change during the experiment, with the concentrations
of the precipitated phases calculated using (Madsen & Scar-
lett, 2008)
Wi ¼ Ws Si ZMi Vi=ðSs ZMs VsÞ: ð1Þ
Here,Wi is the weight fraction of phase i,Ws is the known wt%
of the standard in the mixture, S is the Rietveld scale factor,
ZM is the unit-cell mass and V is the unit-cell volume.
However, in order to eliminate the possibility of any change in
concentration of the seed during the experiment affecting the
results of the QPA, the external standard approach described
by Madsen & Scarlett (2008),
Wi ¼ Si ZMi Vi m=F; ð2Þ
was used to determine the absolute phase abundances. Here,
m is the mass absorption coefficient of the entire mixture and
F is a scaling factor used to put Wi on an absolute basis. F is
constant in an experiment as long as the experimental
conditions do not change. Because the beam current at the
Australian Synchrotron decays between the beam injections,
which occur every 12 h, a modification was made to equation
(2) to take this change in instrumental conditions into account:
Wi ¼ ðSi ZMi Vi m=FÞ ðI0=IiÞ; ð3Þ
where I0 and Ii are the beam current values at the start of the
first data set and during data set i, respectively. Whilst it is
possible to correct the observed intensities of the experi-
mental data to the beam current, this may introduce errors
into the Rietveld analysis since the weighting is usually based
on the observed intensity (Young, 1993). The value of F was
calculated by averaging the values determined for the first
three data sets at 343 K using the Rietveld-refined scale
factors for the goethite seed. All data sets were analysed
sequentially using TOPAS, starting with the final data set and
progressing through to the first data set in reverse order. In the
final data set the concentration of all precipitated phases was
at a maximum, and the starting values for their lattice para-
meters and size and strain broadening corrections were
determined from this data set. Because a Co tube was used for
the laboratory Inel goethite-seeded experiment and no
measure of beam intensity was available, equation (2) was
used to calculate the phase abundances in this case.
3. Results and discussion
Fig. 2(a) shows the Rietveld fit to the final data set (300 min)
collected using the Inel diffractometer during the laboratory
goethite-seeded experiment at 343 K. The seed loading of
14.13 wt% was sufficient to give reasonable peak-to-back-
ground ratios of both the goethite seed and the precipitated
gibbsite in a slurry of appropriate viscosity for injection into
the capillary reaction vessel. The significant background
contribution is due to scattering from the Bayer liquor and the
quartz capillary. In the unseeded experiment, gibbsite reflec-
tions were first apparent after 360 min, compared with
approximately 25 min for the goethite-seeded experiment, and
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Figure 1
A close-up view of the experimental setup at the Australian Synchrotron,
showing (A) the slurry-filled quartz glass capillary, (B) the Teflon
pressure tube, (C) the goniometer head, (D) the nozzle of the hot air
blower, (E) the Mythen detector and (F) the beam guide tube.
this verified that the goethite seed had a significant effect on
precipitation compared to the effect of the capillary walls.
Fig. 2(b) shows the final data set collected during the unseeded
precipitation experiment at 343 K. Quartz is known to react
with Bayer liquors during the digestion stage (453–523 K) of
the Bayer process to form sodalite-type aluminosilcate phases
(Xu et al., 2009). There was no evidence for any aluminosilcate
formation in any of the in situ diffraction data collected, and
the use of the quartz capillary at 343 K was appropriate.
Figs. 3(a) and 3(b) show the Rietveld refinement output for
the first and final (after 192 min) synchrotron data sets at
343 K, respectively. Only goethite reflections are visible in
Fig. 3(a). In Fig. 3(b), the gibbsite (002), (110) and (200)
reflections are clearly visible in the inset, at 9.78, 10.84 and
10.97 2, respectively. Also evident in Fig. 3(b) are low-
intensity reflections at 9.87 and 10.04 2, and these are
attributed to the nordstrandite and bayerite polymorphs of
Al(OH)3, respectively. Similar reflections were observed by
Webster et al. (2009) in the recent in situ XRD investigation of
Al(OH)3 scale deposited on mild steel substrates under
dynamic flow conditions in a stainless steel flow cell. The
excellent counting statistics and high resolution of the data
were crucial for the observation of the weak bayerite and
nordstrandite reflections, which were not observed in the Inel
data. The structures of gibbsite, bayerite and nordstrandite
contain layers of edge-shared Al—O octahedra and H atoms
between the layers, the major difference between the struc-
tures being the network of hydrogen bonds holding the layers
together (Gerson et al., 1996; Counter et al., 1997). There did
not appear to be any significant systematic variation with
respect to time of the lattice parameters for goethite [starting
values: a = 4.6028 (5), b = 9.9485 (10), c = 3.0199 (3) A˚; final
values: a = 4.6032 (5), b = 9.9484 (10), c = 3.0198 (3) A˚] or
gibbsite [starting values: a = 8.6593 (12), b = 5.0652 (7), c =
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Figure 2
Rietveld fit for the final data set collected during (a) goethite-seeded gibbsite precipitation and (b) unseeded precipitation, at 343 K using the Inel
diffractometer. Experimental data are shown as crosses, the calculated patterns as solid lines and the difference patterns as solid lines below. Some of the
major goethite and gibbsite reflections are annotated ‘Go’ and ‘Gb’, respectively.
Figure 3
Rietveld fit for the (a) first and (b) final (after 192 min) data sets collected at 343 K during goethite-seeded Al(OH)3 precipitation at 343 K. The insets
show magnified views of the range 9  2  12. ‘Go’ = goethite, ‘Gb’ = gibbsite, ‘B’ = bayerite and ‘N’ = nordstrandite. For (a) Rwp = 3.4, Rexp = 2.6, and
for (b) Rwp = 3.6, Rexp = 2.7.
9.7187 (12) A˚; final values: a = 8.6610 (9), b = 5.0654 (5), c =
9.7176 (10) A˚], suggesting that there was negligible substitu-
tion of additional Al3+ into the goethite lattice, or Fe3+ into the
gibbsite lattice, during precipitation.
Fig. 4 shows the results of the QPA of the synchrotron data
derived using the relationship in equation (3), where the
concentration of each phase in wt% is shown with respect to
time. After an initial period at the beginning of the experiment
where there was no measurable precipitation, the concentra-
tions of gibbsite, bayerite and nordstrandite increased, with
gibbsite, bayerite and nordstrandite reflections first visible in
the data after 11.2, 17.9 and 17.9 min, respectively. The gibb-
site concentration increased slowly between 11.2 and 17.9 min
before a period of much more rapid growth after 17.9 min.
Similar behaviour during gibbsite-seeded precipitation was
reported by Smith et al. (1995), and could be attributed to new
gibbsite material first nucleating on surfaces of the seed
material, followed by rapid gibbsite growth on freshly
deposited gibbsite material. It is reasonable, therefore, to
suggest that the behaviour observed in this experiment is
indicative of gibbsite nucleating initially on the goethite seed
particles followed by more rapid formation on the nucleated
gibbsite. Since bayerite and nordstrandite are first observed at
the beginning of this rapid region of gibbsite precipitation,
after 17.9 min, they might also deposit on the freshly nucleated
gibbsite.
As the experiment progressed further, the rate of gibbsite
precipitation decreased as a result of the decreasing super-
saturation of the liquor, and the gibbsite concentration
appeared to approach a steady concentration after 192 min.
The experiment was stopped at this time. Bayerite and nord-
strandite appeared to reach steady concentrations well before
the end of the experiment, which might indicate that the
precipitation of these phases is favoured by a higher liquor
supersaturation. Loh et al. (2000) suggest that polymorphic
transformation is unlikely during Al(OH)3 precipitation. The
concentrations of gibbsite, bayerite and nordstrandite after
192 min were 7.13, 0.73 and 0.42 wt%, respectively. Therefore,
the total concentration of crystalline Al(OH)3 in the system
after 192 min was 8.28 wt%, which represents 52% of the total
available Al(OH)3 in the liquor. This appears reasonable since
the calculated supersaturation of Al(OH)3 in the liquor after
this time was 1.09 (Rosenberg & Healy, 1996).
In Fig. 4 there appears to be a small but systematic decrease
in the goethite concentration of 0.21 wt% (or 1.49% relative).
This change was greater than the maximum error (0.03 wt%)
in goethite concentration from the Rietveld refinement, indi-
cative of the error in fit between the experimental and
calculated intensities. Note that the error of0.3 wt% given in
x2.2 for the QPA of the goethite/alumina mixtures does not
apply for the in situ experiments. One possible explanation for
this apparent decrease could be sideways movement of solid
material in the capillary out of the X-ray beam. A video
camera linked to a monitor outside the hutch was used to
monitor the capillary throughout the in situ experiment, and
there did not appear to be any movement of material out of
the beam. Another possible explanation could be a small
amount of goethite dissolution in the caustic liquor; however,
Basu (1983) and Murray et al. (2009) suggest that goethite is
unlikely to be dissolved at 343 K. A third explanation could be
the nucleation and growth of Al(OH)3 material on the seed
particles, effectively shielding the goethite from the X-ray
beam. It was not possible to extract a representative sample
from the capillary for microscopic examination to determine
particle morphologies. Instead, an additional experiment was
performed in the laboratory in a covered stainless steel vessel,
with the goethite added to stirred synthetic Bayer liquor at
343 K in order to seed Al(OH)3 precipitation. The product
was filtered, washed with water and dried, and a room-
temperature synchrotron XRD data set contained gibbsite,
bayerite and nordstrandite reflections. The product was also
mounted in resin, and a polished section was prepared for
microscopic examination using a Jeol JSM-5800LV scanning
electron microscope at an accelerating voltage of 20 kV and a
working distance of 12 mm. Fig. 5 shows an electron micro-
graph of a hexagonal Al(OH)3 particle, with needle-like
goethite seed particles appearing to be embedded within the
Al(OH)3. It is not unreasonable, therefore, to attribute the
decrease in goethite concentration to shielding of goethite
particles by Al(OH)3. It may be possible to calculate the
average thickness of Al(OH)3 encapsulating the goethite
particles, by taking into account the linear absorption coeffi-
cient of Al(OH)3; however this will not be investigated further
here. The application of the internal standard method [equa-
tion (1)] rather than the external standard method [equation
(3)] would have resulted in overestimation of the Al(OH)3
phase abundances due to a systematic decrease in the refined
value of Ss in equation (1). Indeed, the gibbsite, bayerite and
nordstrandite concentrations after 192 min calculated using
equation (1) were 7.30, 0.75 and 0.43 wt%, while 7.13, 0.73 and
0.42 wt% were calculated using equation (3). Since F in
equation (3) is calculated from the first three data sets, before
any Al(OH)3 precipitation was observed, any apparent
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Figure 4
Results of the QPA for the synchrotron experiment, derived using the
relationship in equation (3), showing the absolute phase abundances of
gibbsite (plus signs), bayerite (open circles), nordstrandite (crosses; left
vertical axis) and goethite (diamonds; right axis), with respect to time.
The error bars for the gibbsite, bayerite and nordstrandite concentrations
are smaller than the symbols. Also shown are the fits (solid lines) of the
rate equation [equation (4)] to the gibbsite, bayerite and nordstrandite
concentration curves.
decrease in seed concentration does not have an effect on the
calculated Al(OH)3 phase abundances using the external
standard method.
The results of the QPA of the synchrotron data (for t 
17.9 min) for gibbsite, bayerite and nordstrandite were fitted
with a rate equation of the form
Wi ¼ Wendf1 exp½kðt  t0Þ	ng; ð4Þ
whereWend is the final concentration of phase i, t is the elapsed
experiment time, k is the rate constant, n is the exponent and t0
is the induction time. Fig. 4 shows the fits of the rate equation
to the QPA results. k and n were determined using Sharp–
Hancock plots (Fig. 6) of ln[ln(1  Wi/Wend)] versus ln(t 
t0) over the range 0.15 < Wi/Wend < 0.90 (Francis et al., 1999;
Murray et al., 2009). A similar approach was used by Fogg et al.
(2000) in an energy dispersive synchrotron XRD data inves-
tigation of unseeded gibbsite precipitation from super-
saturated synthetic Bayer liquors at 338–363 K. Fogg et al.
(2000) found that n had values in the range 0.9–1.8 which,
following the work of Hulbert (1969), was suggested to be
indicative of a two-dimensional diffusion-controlled growth
mechanism with a decelerating nucleation rate. This was
believed to be reasonable given the layered structure of
gibbsite and the decreasing supersaturation of the liquor as
precipitation progressed. The n value calculated from the
unseeded experiment performed in this study, with Wi and
Wend replaced with the refined gibbsite scale factors Si and Send
in equation (4) since there was no seed material present to use
as an external standard, was 1.13 and consistent with the
results of Fogg et al. (2000). The n values calculated in this
study for goethite-seeded gibbsite, bayerite and nordstrandite
precipitation were 0.95, 0.99 and 0.99, respectively, and it
appears reasonable, therefore, to describe the growth
mechanism of each as being two-dimensional diffusion-
controlled with a decelerating nucleation rate. The calculated
k values were 0.020, 0.043 and 0.043 min1 for gibbsite,
bayerite and nordstrandite, respectively. Limited available
beamtime meant that a repeat synchrotron experiment was
not performed. However, the n and k values calculated for
gibbsite in the Inel seeding experiment were 1.05 and
0.014 min1, respectively, which compare reasonably well with
the values calculated from the synchrotron experiment, with
the value for n confirming the growth mechanism. The results
of the QPA of the Inel data collected during goethite-seeded
gibbsite precipitation are shown in Fig. 7, along with the fit of
equation (4) to the concentration curve. In this case the
Rietveld error in calculated wt% was typically 0.5 wt%. The
difference in the calculated k values may be due to discre-
pancies in temperature and agitation rate between the
synchrotron and laboratory experiments, since these would be
expected to have a significant effect on the precipitation
kinetics in a diffusion-controlled reaction.
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Figure 6
Sharp–Hancock plots for goethite-seeded gibbsite (plus signs), bayerite
(open circles) and nordstrandite (crosses) precipitation at 343 K. The
regression line for the nordstrandite plot coincided with the line for the
bayerite plot and has been omitted for clarity.
Figure 7
Results of the QPA for the laboratory Inel goethite-seeded experiment,
derived using the relationship in equation (2), showing the calculated
abundance of gibbsite with respect to time. Also shown is the fit (solid
line) of the rate equation [equation (4)] to the gibbsite concentration
curve.
Figure 5
Electron micrograph of a polished section prepared from a powder
mixture of goethite seed particles and Al(OH)3 particles precipitated
from seeded Bayer liquor at 343 K, showing needle-like goethite particles
embedded in hexagonal Al(OH)3.
4. Conclusions
In situ XRD was used to investigate goethite-seeded Al(OH)3
precipitation from synthetic pregnant Bayer liquor at 343 K.
The gibbsite, bayerite and nordstrandite polymorphs of
Al(OH)3 were observed in synchrotron XRD data; gibbsite
appeared to precipitate first, with subsequent formation of
bayerite and nordstrandite. A Rietveld-based approach to
quantitative phase analysis, where the concentration of
goethite seed (14.13 wt%) was used as an external standard to
put the Al(OH)3 phase abundances onto an absolute scale, has
allowed for the determination of the concentrations of gibb-
site, bayerite and nordstrandite as a function of time. The final
phase abundances of gibbsite, bayerite and nordstrandite were
7.13, 0.73 and 0.42 wt%, respectively. The total concentration
of crystalline Al(OH)3 in the system, therefore, was 8.28 wt%
and 52% of the total available Al(OH)3 in the starting liquor.
An apparent decrease in goethite concentration of 0.21 wt%,
which justified the use of the external standard method to
calculate phase abundances, could be attributed to shielding of
goethite particles by Al(OH)3. Rate constants of 0.020, 0.043
and 0.043 min1 were calculated for gibbsite, bayerite and
nordstrandite precipitation, respectively, and the calculated
exponents suggested that for each phase, the growth
mechanism was two-dimensional diffusion-controlled with a
decelerating nucleation rate. The experimental and data
analysis methodologies will be applied to an in situ XRD
investigation of the effect of seed material and temperature on
the mechanism and kinetics of iron oxide- and oxyhydroxide-
seeded Al(OH)3 precipitation.
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